Abstract -One of the main issues concerning large penetration of the renewable energy based generators on the distribution network is related to the voltage variations due to intermittent character of the solar irradiance and wind. The actual power quality standards provide only general information regarding the evaluation procedure of the voltage fluctuations and no directions regarding the sampling frequency of the data used. As a consequence, most of the studies neglect effect of the solar irradiance and wind speed in fast changing conditions on the utility grid. This work proposes a methodology to evaluate the voltage fluctuations into the low voltage distribution network caused by variable generation and reveals the influence of data resolution on the final results. A short review regarding the assessment of the voltage variations is presented in advance and an appropriate model of the power system is build, including the generating units that are capable to operate with high resolution input data. Real parameters for the components of the simulated system are used in order to obtain realistic results.
INTRODUCTION
The interest in renewable energy is a result of the global concerns regarding pollution and increasing running cost of the power plants based on fossil fuel. As a consequence, more countries deployed new power plants based on renewable energy, with wind and photovoltaic (PV) representing the main focus [1] . Part of the new installed power is represented by residential generating units -at the end of 2013, only in Denmark 333 MW of PV were integrated within the low voltage (LV) distribution network [2] .
More wind turbines (WT) and PV are expected to be installed in the LV networks, so new technical problems concerning the system operation arise [3] . Among the main issues caused by large penetration of the distributed generation (DG) in the LV network are the overvoltage at the end user and the voltage fluctuation due to the intermittent character of the renewable energy sources (RES) [2] . These shortcomings endanger normal operation of the devices and affect quality of the electric energy.
On the other hand, the increased share of the RES based DG allowed decommissioning of several conventional power plants based on fossil fuels and because most of the DG can sustain a short-circuit current of about 1 p.u. of the rated current, the electrical grid is weakened [4] . As result, the above mentioned technical issues due to integration of RES into the LV network are more pronounced because the weaker the network becomes, the more sensitive the voltage of the network is to the power fluctuations [4] .
To overcome the drawbacks that characterize the large penetration of DG, some international standards define the system requirements and describe the general procedure to address the DG integration studies. Nevertheless, most of the research neglects effect of the fast changing conditions (rapid changes in solar irradiance or wind gusts) on the network behavior as the low sampling data are used and the final results may be inaccurate [6, 7] . Fig. 1 shows the difference between the same measured quantities but acquired with 3 different sampling times. Therefore, a study that uses low resolution data is unable to highlight the full extent of the impact of resource variability on the LV network. Moreover, the power quality standards do not define the maximum resolution of the data used in studies of the RES based DG.
This work aims to investigate the influence of resolution of the solar irradiance G [W/m 2 ] , ambient temperature T a [K] and wind speed v [m/s] on a study concerning the impact of large penetration of the DG on the utility grid. Final objective of this paper is to propose a methodology for investigation of the power/voltage fluctuations into a LV network with high penetration level of DG and to indicate the adequate sampling time of the input data in order to obtain accurate results.
In order to achieve the proposed goals, this study follows the general outline for a steady-state DG integration research given in the IEEE-1547 standard and according to [5] , the main steps of the work are:
-build the electrical model of the LV feeder -build the DG models (PV system and WT) -obtain the time profiles of the load and generation -run the power flow simulation over a certain time -based on the results, evaluate the voltage fluctuations The novelty of the present study is that the parameters of a real LV network are used in the power flow simulations and the input data of the models are obtained on-field with high sampling frequency. Matlab/Simulink software tool is used to model all components of the system and to implement the power flow algorithm as well. Models build are compatible with the high sampling frequency data and their output possess the same resolution as the input data. Consequently, effect of rapid changes in the solar irradiance or wind speed is considered and impact of the DG on the network voltage is appropriately evaluated during the fast changing conditions. This paper is structured as follows. Section II reviews the assessment of the voltage variations, as presented in the power quality standards. In section III, the LV benchmark is described and the power flow method used in the present study is discussed. Section IV introduces the models of the PV systems and WT units that are connected to the LV feeder and a meteorological model that accounts for the effect of irradiance variations over a large area. Results of the power flow simulations are presented and discussed in Section V, followed by the conclusions, shown in Section VI.
II. ASSESSMENT OF THE VOLTAGE VARIATIONS
Power quality is assessed mainly by the voltage waveform quality at the Point of Common Coupling (PCC), according to the EN 50160 standard [8] . This paper focuses on the evaluation of the RMS voltage magnitude variations. The basic time interval for the measurements of the voltage is defined in the IEC-61000-4-30 standard as the 10 cycle time interval for a 50 Hz power system [9] and 3 aggregated time intervals are suggested: -3 second interval or very short variations (flicker) -10 minutes interval, used for short variations -2 hours interval, used for long variations [9] However, only the 10 minutes time interval is used for evaluation of the voltage variations [9] and this is the time aggregation used to calculate the mean value and to check whether the voltage limits are exceeded [8] . Aggregation for each interval is performed using the voltage values from the previous aggregation and computing the RMS value [10] , as presented in (1) (2) 
is the time sample at the end of the 10 minutes interval, t i [s] is the time sample at the end of the 3 seconds interval, k is the index for the 10 minutes interval and i is the index for the 3 seconds interval.
Reference [10] suggests a new method to evaluate the very short voltage variations in a time scale between the 3 seconds and the 10 minutes intervals. Accordingly, the very short variations are calculated in a 3 seconds or 10 minutes time scale. The "3 seconds" very short variations are calculated in (3) , where V RMS_10min is updated every 3 seconds.
is the time sample at the end of the 3 seconds clock interval and k represents the index of the interval. The "3 seconds" very short variations gives an information regarding the magnitude of the very short voltage variations as it represents the residue of the RMS voltage in a 3 second time scale with respect to the RMS voltage during the previous 10 minutes [10] .
The "10 minutes" very short variations are calculated as the 10 minutes RMS value of the "3 seconds" very short variations in (4 [11] and is defined in (5).
( ) ( )
is the time sample at the end of the 200 milliseconds interval, i is the index of the 200 milliseconds interval and n is the total number of samples in the observation interval. In this paper, n=18001 for one hour voltage observation. The GVR, given in (6), represents the RMS value of the voltage regulation (VR) in a number m of time intervals t j [s] , where the VR is defined as the difference between the maximum and the minimum magnitude of the voltage for a single interval t j [11, 12] .
In this paper m=36, so the VR is evaluated every 100 seconds for one hour observation time of the voltage.
High values of the VFI and GVR suggest that the voltage profile has many high magnitude fluctuations. Instead, if the VFI value is low, but the GVR is high, it means that there are not too many short term fluctuations but some high peaks are present in the voltage profile. When the relative magnitude of the VFI is high, it also entails a high GVR value, as both evaluate the voltage steps with the difference that the latter does it in a longer term than the former. Equations (1-6) are based on measurement of the RMS voltage magnitude over a period of 200 milliseconds, according to the standards. This aspect drives to one of the requirements that the simulation model needs to fulfill: system components needs to refresh their output with the sufficient frequency in order to obtain the 200 milliseconds aggregation period for the RMS voltage.
III. LV DISTRIBUTION NETWORK

A. General Description and Load Profiles
In order to investigate the impact of the DG with high penetration level on the utility grid, the LV distribution network shown in Fig. 2 is studied. The considered network is derived from a real LV grid located in Braedstrup, Denmark and consists from 22 loads, 22 PV systems (one for each load), 3 WTs and 10 bus-bars. Each WT has a rated power of 10 kW, while each PV system is rated at 2 kWp. The aggregated load profiles for each bus are presented in Fig. 3 .
The radial topology is selected for this study because it is characterized by higher voltage drops along the feeders compared to the loop or meshed types. Moreover, the radial topology is used intensive in the rural residential areas, where the disposable free space allows installation of the RES.
B. Supplying Grid and Power Transformer
The Medium Voltage (MV) supplying grid and the power transformer are modelled as an equivalent Thevenin circuit, shown in Fig. 2 . According to [13] , the equivalent resistance R e and reactance X e are calculated based on the parameters of the grid and power transformer in (7).
( )
where R grid [Ω] , R traf [Ω] and X grid [Ω] , X traf [Ω] are the equivalent resistance and reactance respectively in the simplified model of the grid and transformer. R grid and X grid are calculated in (8-9) as a function of the Short Circuit Ratio (SCR) and X/R ratio [13, 14] .
Stiffness of the grid depends on the values of the SCR and X/R ratio. Weak grids have high X/R ratio and the SCR is less than 3, while the strong grids have low X/R ratio and the SCR is typically greater than 5 [15, 16] .
R traf [Ω] and X traf [Ω] are calculated in (10) (11) as function of the transformer parameters [14] given in TABLE I. Iron losses are neglected because power transformers are generally designed with high core permeability [14] . 2 
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C. Electrical Lines
Distribution lines consists from aluminum underground cables, used to connect different buses of the utility network and are symbolized with Lx-y, where x and y are the number of the starting, respective the ending bus-bar. Each cable is represented by an equivalent impedance denoted R line +jX line , as shown in Fig. 2 . The real part of the impedance is the resistance and the imaginary part represents the reactance of the cable. The main electrical parameters of the lines are presented in TABLE II.
D. Power Flow Method
The power flow analysis is an important tool for the steady state analysis of the power system and it means calculation of the bus-bar voltages, of the voltage drops across the lines, power flow and power losses through the cables [14] . There are several iterative methods used in the power flow analysis or load flow, such as: Gauss-Seidel, Newton-Raphson and Fast Decoupled Load Flow [15] .
In this paper, Gauss-Seidel algorithm is used because it provides adequate accuracy for small systems (low number of bus-bars) and requires low programming and computational effort [15] . Thus, its performances represent a trade-off between accuracy and complexity.
Purpose of the power flow analysis during the conducted study is to compute the bus-bar voltages based on the grid state and according to the active power that is injected or absorbed to each electric bus. According to this purpose and to the general objectives of this paper, the DG models need to generate the RMS value of the active power as a function of the environmental conditions, sampled with high frequency.
IV. DISTRIBUTED GENERATION MODELING
A. Photovoltaic System
Structure of the PV model is represented in Fig. 4 and it consists from two main blocks: the PV generator and the average model of the inverter.
PV generators are composed from several PV cells that are connected in series/parallel and some by-pass diodes with role in protection [17] . The current-voltage (I-V) and the power-voltage (P-V) curves characterizes behavior of the PV generator and due to their nonlinear nature, the PV generator outputs the maximum power for a single voltage -the maximum power point (MPP) [17] . Moreover, the MPP depends on the environmental conditions, so the operation point needs to be adjusted to reach the MPP, a process carried out by the Maximum Power Point Tracker (MPPT) [17] . This paper uses a simplified mathematical model to emulate the PV generator. This model is based on the main parameters of a real PV panel (given in datasheets), provides acceptable accuracy and is described in (13) (14) (15) [17] . 
V [V] and I [A] are voltage and current of the PV generator and determine its operation point. V oc [V], V m [V], I sc [A] and I m [A]
are the open circuit voltage, the MPP voltage, the short circuit current and the MPP current respectively, at different environmental conditions. Relations between these quantities and PV parameters at Standard Test Conditions (STC) are given in (16) (17) (18) (19) , according to [18] .
( ) 
b=0.5, c=0.00288 K -1 , G ref =1000 W/m 2 and T ref =298 K. T [K]
denotes temperature of the PV generator, which is related to the solar irradiance, Nominal Operating Cell Temperature (NOCT) and ambient temperature in (20) , according to [19] .
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The PV generator model is connected to the inverter average model, which emulates the power losses of a real PV inverter, multiplying the electric power (current-voltage product) with the efficiency η. It is assumed in this paper that the inverter efficiency is η=0.95, a typical value for a 2 kW inverter used in the residential PV applications [17] . Another important functionality of the PV inverter is the MPPT, which is also implemented in the model. Constant Voltage (CV) algorithm is selected to extract the maximum power because it offers acceptable performance for this study and is easy to implement it.
The CV method is based on the fact that the voltage changes logarithmically with the solar irradiance and the voltage at maximum power is a fixed percentage from the open circuit voltage for a wide range of irradiations [17] . As result, the MPP voltage is almost a constant percentage of the open circuit voltage, which is given by the manufacturers of the PV generator. However, this relation is not valid in partial shading conditions and operation of the CV algorithm is affected [17] , but this aspect is irrelevant for this study.
To complete the PV system modeling, parameters in STC of the real PV generator used in this study are shown in TABLE III. Since a single PV generator is rated at 225 Wp, each rooftop PV system is composed from N=9 generators in order to obtain the desired power of about 2 kWp.
As result, the PV model generates an output power as a function of the solar irradiance and the ambient temperature, based on a mathematical model. Its implementation is simple, needs low computational power and the required parameters of the PV generator are provided by the manufacturer.
B. Wind Turbine
Structure of the WT model is illustrated in Fig. 5 and it consists from a look-up table and a 1 st order transfer function that accounts for the mechanical inertia of the system. The look-up table expresses the generated power as a function of the wind speed. The typical time constant for a 10 kW unit is τ=1 second [20] .
As result, model of the WT unit is simple and provides acceptable accuracy for the purpose of this study, providing an output power based on the input wind data.
C. Meteorological Model
The PV systems that are spread over a large area are not affected in the same time by a passing cloud, so their output power varies differently as the irradiance changes. As result, the power fluctuations of a PV system are smoothed by their geographical dispersion [21] . Therefore, a DG integration study needs to take into account these effects as the rooftop PV systems in the LV network are dispersed over a wide area and the irradiance data are not available for each site. A meteorological model is implemented and its operation is based on the following simplifying assumptions regarding irradiance variation in time or space:
-solar irradiance follows the same profile for each PV system, but these profiles are time shifted -the time delay corresponding to two PV systems is a function of their location and movement (speed and direction) of the cloud that generates the irradiance variations over time Accordingly, each PV system is affected in the same way, but time-delayed by fluctuations of the solar irradiance. As result, the purpose of the meteorological model is to compute the time delays between the instant when the first PV system is affected by the cloud and the times when the rest of the PV systems are perturbed. Fig. 6 presents principle of the meteorological model for two PV systems affected by a passing cloud. If point A is perturbed at the moment t=0, then point B is affected by the same cloud after a time delay given in (21) . Fig. 7 . Structure of the simulation model, including all components of the system and able to operate with different resolutions of the input data. This principle is applied to the case with 22 PV systems, thus the meteorological model used in the DG integration study based on high frequency input data is obtained. Polar coordinates of the PV systems are obtained from the maps of the town, while speed of the cloud is based on estimations. As result, the meteorological model outputs the time delays, as a function of the cloud speed and direction.
V. SIMULATION RESULTS
A. Simulation Input Data
The LV distribution network is defined, models of the DG units are successfully developed and the mathematical tools to evaluate the voltage variations are selected. Therefore, the prerequisite requirements for the proposed study are fulfilled and the general diagram of the simulation model is presented in Fig. 7 . Components of the system are implemented using Matlab/Simulink software and the power flow is conducted for a period of one hour, using the real input data that are illustrated in Fig. 8 , acquired at high sampling frequency.
For the MV supplying grid the following parameters are chosen: SCR = 2 and X/R ratio = 2 (weak grid). Speed of the cloud is set at 5m/s and direction of the cloud over the area gives the time delays that are shown in TABLE IV. Difference of the mean value of 10 minutes aggregation of the RMS voltage between case 1 and case 2 is insignificant and compared to the case 3 is very small, thus resolution of the input data has little effect on the mean value of the RMS voltage aggregated over 10 minutes.
B. Comparison of High Resolution Sampling Data with Low Resolution Data on Voltage Variations
The mean value of the "10 minutes" very short variations suggest that in case 3, the voltage fluctuations are spread and have higher magnitude compared to the case 1 and 2. Fig. 10 reinforces this idea and presents the "10 minutes" very short variations and the "3 seconds" very short variations for different sampling periods of the input data. TABLE V and Fig. 10 shows that indicators of the very short variations of the voltage are similar for case 1 and case 2.
VFI and GVR indicators suggest that magnitude and number of the voltage variations is proportional with the resolution of the input data. A better picture of this idea is presented in Fig. 11 , where the VFI and GVR are normalized using the value that corresponds to the case 1 (3.126·10 -4 for VFI and 0.0424 for GVR) as the normalizing factor. Low resolution of the input data does not capture the full extent of the voltage fluctuations, as the normalized VFI and GVR presents high discrepancies between their magnitude at different cases.
Simulation results show that the high resolution input data can depict the voltage variations caused by fast changing conditions, while the low resolution input data are less adequate for this kind of studies, as the results are inaccurate in this case.
VI. CONCLUSIONS
The DG integration studies are getting more important as the RES penetration level increases, the grid is weakened and the distribution system operator needs to ensure the quality of the supplying voltage. However, the results of these studies are highly dependent by the resolution of the input data, as this paper proves.
The grid operators and the standards should take this aspect into consideration, thus providing the adequate procedure to measure the amplitude of the RMS voltage variations.
In order to estimate correctly the voltage variations, based on this work, the following methodology is recommended:
-build the electrical model of the distribution network using accurate parameters of the components -build the DG models and include their dispersion effect on the power output in order to avoid over estimation of the voltage fluctuations -use adequate resolution to measure the input data (at least 3 seconds sampling time, depending on the assessment method, graphical or numerical) -set low error for the power flow (0.1 % is used in this study) and run it for at least 1 hour simulation time -evaluate the voltage variations using the mathematical tools provided in the standard (VFI and GVR provides good estimation in this study) -compare the results obtained in different points of the network or in different networks to obtain the full picture of the fluctuations magnitude
In practice, if the voltage is measured with low sampling frequency, the variations still exist, but people are aware of them to a lower extent. In simulations, if voltage is measured with high sampling frequency, but the input data of the models is acquired with low sampling frequency, the final results are misinterpreted.
In conclusion, the voltage fluctuations are proportional with the resolution of the input data used in the simulations, thus the actual power quality standards need to define the resolution limits for this type of studies.
